We have previously reported the transfer of gentamicin resistance (Gmr) plasmids in a mixed culture inter-and intraspecifically between strains of Staphylococcus aureus and Staphylococcus epidermidis isolated at Michael Reese Hospital (Jaffe et al., Antimicrob. Agents Chemother. 21:773-779, 1982). We have now shown that representatives of these plasmids were transferred between apparently nonlysogenic strains of S. aureus either in mixed culture in broth or by filter-mating on agar medium. The mechanism of transfer appeared to be conjugation. A transferable Gmr plasmid (pSH8) mobilized or cotransferred a tetracycline R-plasmid and a chloramphenicol R-plasmid that were not independently transferable. The transfer of Gmr plasmids was accompanied by a high incidence of deletion mutations with varied loss of plasmid resistance determinants and, with some mutants, loss of the ability to effect self-transfer. Restriction endonuclease digestion of pSH8 and its deletion mutants made it possible to assign the property of self-transfer to a specific segment of the pSH8 genome and provided the basis for a physical and genetic map of that plasmid. Similar Gmr plasmids from S. aureus strains isolated in locations remote from Michael Reese Hospital had resistance determinants and transfer properties comparable to those of pSH8. Our observations provide evidence for the conjugal transfer of some staphylococcal plasmids, apparently independent of the presence of phage. This mechanism may be of significance in the intra-and interspecific dissemination of resistance to aminoglycosides and other antibiotics in Staphylococcus spp.
We have previously reported the transfer of gentamicin resistance (Gmr) plasmids in a mixed culture inter-and intraspecifically between strains of Staphylococcus aureus and Staphylococcus epidermidis isolated at Michael Reese Hospital (Jaffe et al., Antimicrob. Agents Chemother. 21:773-779, 1982) . We have now shown that representatives of these plasmids were transferred between apparently nonlysogenic strains of S. aureus either in mixed culture in broth or by filter-mating on agar medium. The mechanism of transfer appeared to be conjugation. A transferable Gmr plasmid (pSH8) mobilized or cotransferred a tetracycline R-plasmid and a chloramphenicol R-plasmid that were not independently transferable. The transfer of Gmr plasmids was accompanied by a high incidence of deletion mutations with varied loss of plasmid resistance determinants and, with some mutants, loss of the ability to effect self-transfer. Restriction endonuclease digestion of pSH8 and its deletion mutants made it possible to assign the property of self-transfer to a specific segment of the pSH8 genome and provided the basis for a physical and genetic map of that plasmid. Similar Gmr plasmids from S. aureus strains isolated in locations remote from Michael Reese Hospital had resistance determinants and transfer properties comparable to those of pSH8. Our observations provide evidence for the conjugal transfer of some staphylococcal plasmids, apparently independent of the presence of phage. This mechanism may be of significance in the intra-and interspecific dissemination of resistance to aminoglycosides and other antibiotics in Staphylococcus spp.
We have reported the recovery of five classes of closely related gentamicin resistance (Gm) plasmids from Staphylococcus aureus and Staphylococcus epidermidis (13, 14) . Each plasmid class was defined by its spectrum of antibiotic resistance markers, molecular mass, and restriction endonuclease digestion pattern. Apparently identical Gmr plasmids of each class were present in epidemiologically related isolates of S. aureus and S. epidermidis (35) . Similar results have recently been reported by others (2) . Evidence of identity between tetracycline resistance plasmids in isolates of S. aureus and S. epidermidis has also been published recently (10, 12, 34) . These findings support the hypothesis that the transfer of plasmids between S. aureus and S. epidermidis occurs in nature.
Transduction has been favored as the principal mechanism of genetic exchange between S. aureus strains, including the transfer of R-plasmids between S. aureus strains in a mixed culture (8, 20, 25) . Transfer was not detected between nonlysogenic S. aureus strains, but was observed when a generalized transducing phage was present in the transfer system. R-plasmids native to S. epidermidis have been transduced intraspecifically by phages native to that species (21, 28, 29) . The interspecific transduction of plasmids between S. epidermidis and S. aureus has not been reported, although a chromosomal marker, novobiocin resistance, has been reported to have been transduced between these two species via an S. epidermidis phage (40) .
To determine a plausible mechanism for the intra-and interspecific exchange of Gmr plasmids implied by our observations, we investigated this phenomenon further. Detailed studies of one of our transferable plasmids showed that it encoded its own transfer by a conjugation-like mechanism and also mobilized and cotransferred otherwise nontransferable plasmids. A specific region of plasmid DNA responsible for Shaw and Brodsky (31) p1258 Em, Pc (1-lactamase) 20 Peyru et al. (27) pSH5 Tc -3 This laboratory, native to S. aureus SH9 (Table 1)  pSH6 Gm, Km, Tm 12 Strain SH6 (Table 1)  pSH7 Gm, Km, Pm, Tm 27 Strain SH7 (Table 1) pSH8 EtBr, Gm, Km, Pm, Tm 30 Strain SH8 (Table 1) (14) . Resistance to gentamicin (Gm) and tobramycin (Tm) was mediated by these plasmids through the formation of 6'-aminoglycoside acetyltransferase and 2"-aminoglycoside phosphotransferase. In addition, classes 2 to 5 plasmids encoded 4'-aminoglycoside adenylyltransferase, an enzyme that mediated resistance to Tm and paromomycin (Pm). Class 3 plasmids also mediated resistance to ethidium bromide (EtBr), and classes 4 and 5 plasmids mediated resistance to benzylpenicillin through beta-lactamase production.
Media. Nutrient broth, brain heart infusion broth, and heart infusion broth were products of Difco Laboratories, Detroit, Mich. For the selection of the transfer of other R-plasmids, we used erythromycin (6 ,ug/ml), chloramphenicol (12 ,ug/ml), or tetracycline (5 ,uglml).
Filter mating was initiated with brain heart infusion broth suspensions of donor and recipient cells (109 colony-forming units per ml) prepared from their 18-h growth on brain heart infusion agar. Equal portions (2.5 ml) of donor and recipient cells were mixed and filtered through a 25-mm nitrocellulose filter (0.45-,um pore diameter), which was then incubated on experimentally varied agar media for 18 h at 37°C. The resultant growth was suspended in 1 ml of the broth medium corresponding to the agar medium, diluted and plated on selective media.
Plasmid transfer by transduction was performed as previously described (3). The standard phage vector, 4)11, was induced by UV light in S. aureus 8325 or in a derivative of RN450 previously lysogenized with 4)11.
Analysis of plasmid DNA by restriction endonuclease digestion. Plasmid DNA was prepared by previously described methods (14) . Restriction endonucleases HindIII, MspI, XbaI, and EcoRI were purchased from New England Biolabs, Inc., Beverly, Mass., or Bethesda Research Laboratories, Inc., Gaithersburg, Md., and were used according to the manufacturer's instructions. Plasmid DNA fragments were analyzed by horizontal electrophoresis in 0.5 to 2.2% agarose gels. To aid in the physical mapping of plasmids, double digestions, using pairs of these restriction endonucleases, were performed. In addition, selected fragments were digested with a second restriction endonuclease (26) . In this method, plasmid DNA was digested with a restriction endonuclease and subjected to electrophoresis in low-gelling-temperature agarose. Selected bands were cut out of the gel, melted at 600C, digested with a second restriction endonuclease, and then analyzed by agarose gel electrophoresis.
Other methods. Susceptibility to antibiotics and to EtBr by disk diffusion methods was tested as previously described (13, 14) . For testing for resistance to Pm, we used paper disks containing 10 ,ug of Pm. Assays for aminoglycoside-modifying enzymes were performed on crude staphylococcal extracts by phosphocellulose paper-binding procedures (11) .
RESULTS
Plasmid transfer. In prior work, we transferred staphylococcal Gmr plasmids by incubating mixed donor and recipient cells at high concentrations in a yeast extract, glucose, vitamins, and salts medium (37), together with added Ca2' and lysozyme (13) . Looking for a procedure using more nearly physiological conditions, we found that some of our Gmr plasmids could be transferred readily by Lacey's simpler mixedcell culture method (15, 16) . When we used nutrient broth with added 0.01 M Ca2+ as the transfer medium, this procedure resulted in the transfer of Gmr plasmids from many of our clinical isolates of S. aureus to derivatives of S. aureus RN450 and, to a lesser extent, to the apparently plasmid-free S. epidermidis SH29. In kinetic experiments with the transfer of pSH8 and pSH9 from their native hosts to a rifampinand streptomycin-resistant derivative of RN450 (011), plasmid transfer was first detectable after 2 to 3 h of incubation. The number of Gmr recipient staphylococci increased for about 12 h and thereafter remained constant for a total of 24 h. We obtained only a sporadic transfer of Gmr plasmids without added Ca2 . In contrast to Lacey's results, we found that Mg2+ (0.001 to 0.03 M) did not substitute for Ca2+. Transfer frequencies were two to three orders of magnitude lower when we used heart infusion, brain heart infusion, or tryptic soy broth instead of nutrient broth as the transfer medium. We observed that staphylococci cultivated in nutrient broth with added 0.01 M Ca2' exhibited large clumps within 2 to 4 h of incubation to a notably greater extent than they did after growth in nutrient broth without added Ca2+. After these preliminary studies, all transfer experiments in liquid medium were performed in nutrient broth with added 0.01 M Ca2+ and an incubation time of 18 h. VOL. 23, 1983 on October 16, 2017 by guest http://aac.asm.org/ Downloaded from Each of the nonlysogenic donor strains was separately lysogenized with phage )11, and the transfer experiments were repeated, using SH25 and SH29 as the recipients (Table 4 ). The transfer 'frequencies of pSH8 were not' appreciably altered by the lysogenization. However, there was now a detectable intraspecific transfer of each of the other plasmids, presumably by spontaneous transduction, but no interspecific transfer occurred.
To obtain the nontransducible plasmid pSH9 in a nonlysogenic host, we transferred it by mixed culture from lysogenic host strain SH25 to the nonlysogenic recipient SH22. Progeny colonies were screened for lysogeny by crossstreaking with RN450. We detected seven apparently nonlysogenic colonies that exhibited all of the resistances determined by pSH9. From one of these strains, pSH9 transferred in mixed culture intra-and interspecifically at frequencies similar to those seen in the lysogenic system (data not shown).
Both pSH8 and pSH9 could be serially transferred in mixed culture to other nonlysogenic S. aureus strains, namely 80CR5 and derivatives of RN450, and to S. epidermidis SH29.
These experiments suggested that some Gmr plasmids transferred in mixed culture by a mechanism that was distinct from transduction or transformation, was not bacteriophage dependent, and that required cell-to-cell contact, i.e., by a conjugation-like mechanism. Other Gmr plasmids, represented by pSH6 and pSH11, did not appear to possess this transferability trait.
We observed a similar transfer of Gmr plasmids from 34 strains of S. aureus and 8 strains of S. epidermidis isolated at Michael Reese or at other hospitals in Chicago, New York, Los Angeles, and England. The resistance patterns mediated by the transferred plasmids were either Gmr pmr Tmr; EtBrr Gmr Pmr Tmr; Gmr Pmr Tmr penicillin resistant; or in one instance, EtBrr Gmr Pmr Tmr penicillin resistant owing to penicillinase production.
Transfer of Gmr plasmids by titter-mating. pSH8 transferred readily by filter-mating from its wild-type host to strain SH25. In contrast to the results of mating in broth, pSH8 transferred at similar frequencies (1.2 x 10-6 or 1.8 x 10-6) whether nutrient agar or brain heart infusion agar was used as the medium for filter-mating. The addition of Ca2+ did not appreciably alter the frequency of transfer, nor was it inhibited by the chelation of Ca2' by the addition of 0.02 M sodium citrate to the agar medium. We obtained comparable results with nonlysogenic derivatives of RN450 as the donor and recipient strains (data not shown). Other Gmr plasmids that were transferable in 0.01 M Ca2' nutrient broth also transferred by filter-mating in a nonlysogenic system, whereas pSH6 did not. These results added evidence that close cellular contact is required for the transfer of Gmr plasmids and supported the notion that the effect of Ca2+ in broth mating is to enhance such contact.
Plasmid mobilization and cotransfer. To obtain plasmid heterodiploid strains, we first transduced pSH5, pC22.1, and pI258 separately into SH22. We then introduced pSH8 into each of these strains by transduction or by mixed culture with SH23(pSH8). At each plasmid transfer, we took care to choose nonlysogenic progeny by the tests listed above. The resultant plasmid heterodiploid strains were used as the donors in a nonlysogenic system with SH24 as the recipient and with selection for the transfer of each plasmid separately (Table 5) . Screening for the unselected cotransfer of the second plasmid was performed by replica plating. With selection for Gmr, pSH8 transferred at the same high frequency from each strain; pC22.1 cotransferred at relatively high frequency; and pSH5 cotransferred at lower frequency. Selection for resistance to tetracycline showed that pSH5 was mobilized to transfer independently of pSH8 and that pSH8 cotransferred at -45% of the rate of pSH5. Selection for chloramphenicol resistance gave evidence of a similar mobilization of pC22.1 and cotransfer of pSH8. p1258 was neither mobilized nor cotransferred to any significant degree. In serial transfer experiments, the cotransferred plasmid markers continued to segregate at unchanged rates, indicating that no stable covalent linkage of the plasmids was present. Occasionally, we isolated strains that stably expressed some determinants of each parental plasmid; presumably, these reflected recombinant plasmids.
We looked for the possible cotransfer by pSH8 of methicillin resistance, a chromosomal marker in S. aureus (32) (i) Screening for oss of EtBrr. We noted that EtBr-susceptible staphylococci grown on plates containing low concentrations of EtBr (0.5 to 2 ,g/ml) were colored pink and fluoresced orange under UV light, whereas EtBrr strains were unaltered in color and did not fluoresce. Presumably EtBrr was conferred by a mechanism of exclusion. For the detection ofdeletion mutants, we transferred pSH8 into SH25 on plates containing EtBr (0.5 ,ug/ml), Tm (10 ,ug/ml), streptomycin (100 ,g/ml), and rifampin (10 gg/ml).
Colonies that exhibited orange fluorescence under UV light were screened for the loss of resistance to Gm, EtBr, or Pm and for the loss of transferability.
(il) Replia plaig. We transferred pSH8 into SH23, selecting for the transfer of Gmr, Pmr, or EtBrr, and replicated the progeny to plates containing each of the unselected markers. Colonies that exhibited the loss of a resistance marker were also tested for transferability.
(HI) Positive s n for loss of Pmr We were unable to detect the loss of the Pmr function of pSH8 by replica plating. For this purpose, we adapted a published method for positive selection for loss of resistance to kanamycin in Eschenchia coli (33) . Strain SH26, a streptomycin-dependent, rifampin-resistant mutant of SH21, was able to grow on media containing Pm instead of streptomycin. However, strain SH26(pSH8) did not grow in the presence of Pm, owing to the inactivation of Pm by the 4'-adenylyltransferase encoded by pSH8. The same host strain containing plasmids that did not encode adenylyltransferase activity grew on Pm plates. Pm lacks the functional groups attacked by the other aminoglycoside-modifying enzymes encoded by the Gmr plasmids. Therefore, the growth of SH26(pSH8) on Pm plates could be utilized to positively select for pSH8 mutants that lost 4'-adenylyltransferase activity. To this end, we transferred pSH8 from SH23 into SH26, using plates containing 10 .g of rifampin per ml, 10 .g of Pm per ml, and selective concentrations of either EtBr or Gm. We confirmed that the SH26 transconjugants no longer mediated Pmr by transferring their plasmids to a streptomycinindependent derivative of RN450 and testing the resulting colonies for the markers of pSH8. All were susceptible to Pm. Among these, two clones exhibited a loss of Pmr only, and two others exhibited a loss of Pmr and transferability, phenotypes which we had not obtained by other methods. The assay of one of these mutants confirmed that it had lost 4'-adenylyltransferase activity.
Analyi and physical mapping of pSH8 and its deletin mutants. The phenotypic analysis of the deletion mutants of pSH8 provided evidence of the genetic structure of the wild-type plasmid. We scored the drug resistance and transfer properties of all of our pSH8 deletion mutants. In the nonlysogenic system, the mutant plasmids proved to be either fully self-transferable, like the parental plasmid, or nontransferable (Tra-), like pSH6. However, when the host strain and recipient were lysogenized with +11, the Tramutants transferred at rates comparable to that of pSH6, presumably due to spontaneous transduction (data not shown). Table 6 lists the mutant phenotypes of pSH8 isolated. Assuming that a single genetic event was responsible for each altered phenotype, these data suggested the following genetic linkage: Gm, EtBr, Tra, Pm.
By means of transduction with +11, we made plasmid heterodiploid strains comparable to those in Table 5 , but containing deletion mutants of pSH8 instead of the wild-type plasmid. Two mutants were still Tra, but one had lost Gmr, and the other had lost Gmr and EtBrr. Two other independent mutants were Tra and had lost both Gmr and EtBrr. A third Tra mutant had lost EtBrf and Pmr. In filter-mating experiments, we selected for the transfer of the plasmids from the heterodiploids either with 100 jg of kanamycin per ml (to which all of the mutant pSH8 plasmids employed still mediated resistance) or with tetracycline or chloramphenicol as previously described. The Tra-mutant plasmids failed to mediate the transfer of resistance to kanamycin, tetracycline, or chloramphenicol, whereas the mutant plasmids that were still Tra gave results comparable to those shown with the wild-type pSH8 (Table 5) . Thus, the loss of the Tra function eliminated not only the transfer of pSH8, but also the cotransfer and mobilization of the independent coresident R-plasmids.
HindIII digests of plasmid DNA from multiple independent deletions of pSH8 showed that, for each mutant phenotype, the plasmid digestion pattern was distinctive. Plasmids with corresponding mutant phenotypes had very similar or identical digestion patterns. Representative examples are shown in Fig. 1 . Evidently, there were highly favored sites for the pSH8 deletions. Furthermore, these sites were near or at the loci of HindIII scissions, since the deleted plasmids produced either no new HindIII fragments or only one or two additional fragments of 0.2 or 0.4 Md.
These digests, iilustrated diagrammatically in Fig. 2 whether these segments contained all or only part of the coding for these traits. We did not isolate derivatives that lost part of HindIlI fragments 2 and 3. Presumably, this segment of the plasmid encodes vital plasmid functions.
We extended-the analysis of the physical map of pSH8 by restriction mapping, using single digests with Hindul, EcoRI, MspI, and XbaI; double digests with pairs of these enzymes; and the isolatiQ of selected restriction fragments with subsequent digestion with a second enzyme. The results established the order shown in Fig. 3 , with residual uncertainty about the relative positions of HindIII fragments 7 and 9.
DISCUSSION
In this paper, we have presented evidence that staphylococcal Gmr plasmid pSH8 and other plasmids encode their own transfer intra-and interspecifically by a conjugation-like mechanism which, in pSH8, is mediated by a specific segment of the plasmid genome. This interpretation is supported by the ability of pSH8 to mobilize the independent transfer of otherwise nontransferable plasmids and by the loss of this mobilizing function in the Tra-mutants of pSH8.
The failure of pSH6 or pSH11 to transfer between nonlysogenic staphylococci would appear to be discordant with our previous report of the intra-and interspecific transfer of these plasmids in vitro and on human skin (13) . However, our earlier interspecific transfer of pSH6 and pSH11 in vitro was based upon the incubation of donor and recipient in a medium containing lysozyme. In the absence of lysozyme, we detected no transfer in vitro. We confirmed these results in our current studies. Interspecific transfer on skin was performed with staphylococci suspended in 1 M NaCl without lysozyme. The simultaneous repetition of this experiment on skin and in vitro confirmed the occurrence of interspecific transfer on skin and the absence of such transfer in vitro. FPurther study will be necessary, to determine the factors that make possible the interspecific transfer of-pSH6 on skin.
Previous studies by others of the transfer of staphylococcal plasmids in mixed culture, in experimental infections, and on skin have, for the most part, implicated spontaneous transduction as the mechanism of transfer (74 8, 17, 20, 22, 25, 39 (23) . The recipients, in turn, transferred the plasmid to the original S. hominis host and to other S. aureus strains. Culture supernatants and mitomycin C-induced lysates of the S. hominis strain did not transfer Gmr. DNase reduced transfer frequency fivefold. In our earlier experiments with lysozyme-aided transfer, we found that DNase inhibited Gmr_ plasmid transfer, but we were not able to duplicate this observation with the mixed-cell culture method used in the current study (13) . Otherwise, our results and those of Naidoo and Noble were generally comparable.
Staphylococcal plasmids have been transferred experimentally by the transformation or fusion of protoplasts (9, 18) . There is little evidence as yet that these mechanisms are active in mixed culture.
The conjugal transfer of plasmids has been studied extensively in Streptococcus sp., another gram-positive coccal genus (1) . Clewell showed that some recipient Streptococcus faecalis strains secrete one or more soluble pheromones into their culture medium (6). These agents, in some unknown way, induced a plasmid-dependent process that caused the appearance of a proteinaceous material on the donor's surface and thereby facilitated the clumping of donor and recipient, with subsequent plasmid transfer. The possibility that a system similar to that in Streptococcus sp. also operates in staphylococci is heightened by the observation that plasmids which mediated resistance to macrolides, lincomycin, and group B streptogramins were transferable from streptococcal species to S. aureus and, subsequently, between strains of staphylococci (7, 30) . Moreover, the apparent identity, reported by others, between plasmidborne erythromycin resistance determinants in S. faecalis and S. aureus suggests that there may be a mechanism for genetic transfer between these genera, either directly or through some intermediary (36 Irrespective of the precise mechanism, the demonstrable transfer of Gmr plasmids from staphylococci isolated at our hospital and elsewhere provides an attractive model for the in vivo dissemination of these types of Gmr plasmids both intra-and interspecifically. Furthermore, their ability to mobilize other plasmids may contribute to the spread of resistance determinants other than those encoded by the Gmr plasmids.
